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Wheat is one of the most important crops grown in South Africa. However, its production is 
threatened by the current drought periods the country has been experiencing. This includes a 
decline in the production of irrigated wheat which boosted the country’s wheat production. In 
South Africa information which could guide irrigated wheat farmers in using less water at water 
stress tolerant growth stages is still in its infancy. In order to assist these farmers, the 
International Maize and Wheat Improvement Centre (CIMMYT) bred genotypes reported to 
withstand very hot and dry conditions. In contribution, this study was undertaken with the 
following objectives: 1) to select water stress tolerant irrigated genotypes through evaluating 
the response of their physiological traits after water stress at tillering, flowering and grain filling 
2) to determine the growth stage at which limited water supply would have minimal effect on 
the growth, development and yield of eight newly developed wheat genotypes. An 8 
(genotypes) × 2 (water treatments (stress and no stress (control)) × 3 (growth stages (tillering, 
flowering and grain filling)) factorial experiment was conducted in a randomized complete 
block design and replicated three times. Results for the first objective indicated that the rate of 
photosynthesis was only affected (p < 0.05) for genotype LM98 after water stress at tillering 
and LM43 after water stress at flowering. The rest of the genotypes showed tolerance (p > 0.05) 
in these growth stages and at grain filling. Water stress in the three growth stages did not affect 
(p > 0.05) the transpiration rate and stomatal conductance. Only the instantaneous water use 
efficiency of genotype LM43 and LM35 was not affected (p > 0.05) by water stress at tillering 
but affected (p < 0.05) for the same genotypes at flowering. Whereas, water stress at grain filling 
affected (p < 0.05) the instantaneous water use efficiency of genotype LM35, LM79, LM57 and 
LM98. Water stress imposed at grain filling had no effect (p > 0.05) on the relative water 
content. It, however, had an impact (p < 0.05) on the relative water content of LM43 and LM35 
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when it was imposed at tillering. The genotypes also showed susceptibility (p < 0.05) to water 
stress at the flowering stage with genotype LM98, LM79, LM83 and LM57 affected. It was 
then recommended that genotype LM35, LM79, LM57 and LM98 maintained a higher water 
use efficiency after water stress at grain filling. While the instantaneous water use efficiency of 
LM43 and LM35 was higher after water stress at tillering but reduced by water stress at 
flowering stage. From the results of the second objective it was discovered that the plant height 
of the studied genotypes was not affected (p > 0.05) by water stress at tillering and grain filling. 
The number of fertile tillers was reduced (p < 0.05) by water stress at tillering in susceptible 
genotypes while at flowering and grain filling the number of fertile tillers for all the genotypes 
was not affected (p > 0.05). The spike length was affected (p < 0.05) by water stress at all 
growth stages while the harvest index was not affected (p > 0.05). Aboveground biomass was 
only affected (p < 0.05) at tillering stage. Grain yield production which was the primary concern 
declined only after water stress at tillering. Grain yield production was more linked to the 
number of fertile tillers after water stress at each growth stage. Based on overall findings this 
study was able to recommend that the studied genotypes can be subjected to water stress at 
grain filling and flowering. At tillering, genotype LM83 is better at tolerating water stress while 
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South Africa currently faces a wheat production crisis, as the country is experiencing one of its 
worst droughts since 1982 and water is a very limited resource (Essa and Jazeera, 2015). Water 
scarcity has resulted in the need to optimize water use in all human activities, especially 
irrigation agriculture that utilizes more than 60% of the total water consumed in South Africa 
(Basson, 2011). However, there is still a potential to maximize wheat production under the 
water-limited conditions through the identification of water stress tolerant wheat growth stages 
that enable the crop to survive with limited water. 
 
Wheat is one of an essential crops produced in South Africa (DAFF, 2012). Though, in the past 
five years’ wheat farmers have been failing to produce enough wheat to meet the demands of 
the country’s increasing population. For instance, wheat production has declined from 2.5 
million tons planted on 974,000 hectares of land in 2001/2002 to 1.78 million tons planted on 
551,000 hectares in 2014/2015, drought being the major contributor to this decline (Agricultural 
Statistics, 2012; Mokhema, 2015; USAD, 2017). Irrigated wheat has however been able to boost 
the total wheat production compared to dryland wheat in South Africa (Fourie and Botha, 2011). 
However, during the severe drought period in the year, 2014/2015 many irrigated wheat farmers 
had insufficient water to fully irrigate their crops which led to the declining of irrigated wheat 




In many countries, selection of irrigated wheat genotypes with water stress tolerant growth 
stages through evaluating the response of physiological and morphological traits under water 
limited conditions have been implemented (Veesar et al., 2006; Akram, 2011; Mirzae et al., 
2011; Liu et al., 2015). Such research enabled recommendations to be made to irrigated wheat 
farmers on irrigation schedules of different genotypes under limited water conditions. In South 
Africa, such research studies are still in its infancy (ARC-SGI 2014, 2015). This makes it 
difficult for the country’s irrigated wheat farmers to withhold irrigation at any growth stage as 
some growth stages are more susceptible than others (Boutraa et al., 2010; Akram, 2011). Water 
is fast becoming a scarce resource and wheat yields are declining in South Africa. This suggests 
that there is a need to identify water stress tolerant growth stages of irrigated wheat genotypes. 
This will enable the crop to resume normal plant growth under limited water conditions. Hence, 
the objective of this study was to determine wheat growth stages that are tolerant to water stress 
at either flowering, tillering or grain filling. 
 
1.2 Rationale of the study 
 
Maintaining high yields and conserving water in irrigated wheat farming during drought periods 
may not be conceivable in South Africa if the farmers are not addressed about genotypes that 
will tolerate water stress at certain growth stages. Based on the work that has been done in South 
Africa regarding this issue, it is clear that considerable uncertainty exists regarding the tolerance 
of wheat growth stages to water stress and more research still needs to be done. Knowledge of 
such growth stages among irrigated wheat genotypes will allow effective prioritization of 
research development and interventions which are aimed at maintaining high yields under 
limited water conditions for both commercial and emerging farmers. The information generated 
from this research will be important for sustainable and profitable wheat farming during the 
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periods of water shortage. As it will contribute to the compilation of production guidelines for 
South African irrigated wheat farmers by recommending tolerant growth stages along with the 
genotypes that will assist them to maximize yields under water limited conditions. 
 
1.3 Research aim and objectives 
 
The overall aim of this study was to identify water stress tolerant growth stages of irrigated 
wheat genotypes that enable the crop to survive under water limited conditions.  
The specific objectives of the study were: 
a) To select water stress tolerant irrigated wheat genotypes through evaluating the response 
of their physiological traits after water stress at tillering, flowering and grain filling. 
b) To determine the growth stage at which limited water supply would have minimal effect 
on the growth, development and yield of eight newly developed wheat genotypes.  
 
1.4 Thesis outline  
 
This thesis includes two chapters written in the form of discrete research papers, each following 
the format of a stand-alone research paper. This is a dominant format adopted by the University 
of KwaZulu-Natal. As such there is some unavoidable repetition of references and introductory 









1.  General introduction. 




Physiological responses of irrigated wheat (Triticum aestivum L.) genotypes subjected to 
water stress at different growth stages. 
Growth, morphological and yield responses of irrigated wheat genotypes to imposed 
water stress at different growth stages. 
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Selection indices to identify water stress tolerant growth stages in irrigated wheat 




Wheat is among the most important crops grown in South Africa. Its production is threatened 
by many biotic and abiotic factors, but among this, drought is the major devastating stress which 
results in water stress in crops. This review describes some aspects of water stress induced 
changes in wheat’s physiological and morphological traits which in turn affects yield 
production. Water stress triggers many response mechanisms in crops such as drought escape, 
dehydration avoidance and drought tolerance. Understanding the response of wheat genotypes 
to water stress at each growth stage can assist determine growth stages that can enable the crop 
to survive under water-limited conditions. The sections of this review focus on the effect of 
water stress on wheat, the response of wheat genotypes to water stress at different growth stages, 
the importance of genotype choice under water limited environments and suitable techniques to 
select water stress tolerant growth stages in irrigated wheat genotypes. 
 







Wheat is one of the most important grain crops produced in South Africa and is mostly produced 
for human consumption (Gbetibouo and Hassan, 2004; Shewry, 2009). It is a good source of 
protein, minerals, B-group vitamins and dietary fiber which is excellent for human health (FAO, 
2004; Sarwar et al., 2013). Because of such importance, the crop is utilized as a primary cereal 
globally (Sarwar et al., 2013).  
 
Despite its importance and high demand, wheat production in South Africa has declined over 
the past thirty-four years (Agricultural Statistics, 2014; USAD, 2017). South Africa requires 
about 3.4 million tons of wheat annually but only 1.87 million tons are currently being produced 
locally (Newsome, 2012; Fourie and Sihlobo, 2016; USAD, 2017). This is a strong contrast 
compared to 2.4 million tons produced in 1982 resulting in 60% of wheat imported (Newsome, 
2012; Fourie and Sihlobo, 2016; USAD, 2017). Production land has also declined across the 
nation (Mokhema, 2015; USDA, 2017). For instance, about 974,000 hectares was used to grow 
wheat in the year 2001/2002. The production area declined to 551,000 hectares in the 2014/2015 
season (Mokhema, 2015; USDA, 2017). 
 
Dryland and irrigated wheat which are categorized based on the conditions they are grown under 
are both planted in South Africa (ARC-SGI, 2015). The water intake of dryland wheat depends 
on the unpredictable seasonal rainfall, while that of irrigated wheat is applied through irrigation. 
However, the availability of sufficient irrigation water also depends on rainfall availability 
which has been a major problem in the country (Hedden and Cilliers, 2014). As South Africa 
has been experiencing a major drought period that has resulted in the country’s water supplying 
rivers and dams being in deficit (Hedden and Cilliers, 2014). The drought crisis has been caused 
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by current low and changing annual rainfall along with high natural evaporation levels resulting 
in South Africa to be rated as the 30th driest country in the world (Hedden and Ciliers, 2014). 
To alleviate crop losses and conserve water, many research studies conducted in other parts of 
the world could determine growth stages within irrigated wheat genotypes that are not 
responsive to water stress and enable the crop to maximize yield under water limited conditions 
(Veesar et al., 2007; Jatoi et al., 2011; Mirzae et al., 2011). This allowed recommendations to 
be made in assisting irrigated wheat farmers to irrigate wisely during this water shortage period. 
 
In South Africa, during the severe drought period, many dryland wheat farmers faced severe 
crop losses while irrigated wheat farmers switched to full irrigation to prevent crop failure 
(Mokhema, 2015). Hence, irrigated wheat has contributed more to the total production than 
dryland wheat (Fourie and Botha, 2011). But the use of full irrigation is more becoming a 
challenge as the water research commission (2015) has reported water restrictions of up to 60% 
in most provinces. Consequently, leading to irrigated wheat farmers having insufficient 
irrigation water hence experiencing a yield decline (Dube et al., 2016). Despite these challenges, 
availability of sufficient wheat remains important (Le Roux, 1995; Sihlobo and Kapuya, 2016). 
Hence, research studies in identifying water stress tolerant growth stages in irrigated wheat 
genotypes can also be useful in South Africa as such studies are still limited in the country 
(ARC-SGI, 2013, 2014, 2015).  
 
With this view, it was necessary to review the response of wheat genotypes to water stress 
imposed at different growth stages, to evaluate the importance of genotype choice and to 
appraisal suitable techniques that can aid in the selection of best performing genotypes. The 
outcome of this review will generate knowledge that can contribute to further understanding the 
different mechanisms that enable irrigated wheat to survive under limited water environments. 
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Most importantly it will guide farmers and researchers on appropriate techniques they can use 
to evaluate water stress tolerant growth stages on wheat genotypes. This knowledge can be used 
to produce production guidelines for South African irrigated wheat farmers. 
 
2.3 Effect of water stress at different growth stages of wheat genotypes  
 
Although researchers and breeders have been successful in maintaining wheat production in 
drought occurring regions, it is still difficult to increase the yield as the drought crisis worsens 
(Boutraa et al., 2010; Ali et al., 2013; Dube et al., 2016). Drought is a period of dry weather 
that causes plant water stress, while plant water stress is a term used to describe the strain 
experienced by plants when they do not receive enough water (Bray, 2001). Due to plant water 
stress caused by drought many studies have been conducted globally to determine how water 
stress imposed at different growth stages affects the wheat’s physiological and morphological 
traits as well as the yield production (Boutraa et al., 2010; Jatoi et al., 2011; Ali et al., 2013). 
This aimed at examining the reaction of the crop’s physiological and morphological traits that 
help explain the genotype’s performance and the severity of water stress (Boutraa et al., 2010; 
Jatoi et al., 2011; Ali et al., 2013). For instance, Ali et al. (2013) investigate the effect of water 
stress on the physiology and yield of twelve wheat genotypes grown in Pakistan. The genotypes 
were exposed to four water treatments (T1 - 380 mL, T2 - 190 mL, T3 - 126 mL and T4 - 95 
mL), each given at 15 days’ intervals. Morphological (yield per plant and spikelets per spike) 
and physiological (electrolyte leakage, turgidity and relative water content) traits of each 
genotype were measured after subjecting the genotypes to these conditions. Findings indicated 
that one of the consequences of water stress in the physiological traits is an increase in the 
electrolyte leakage while the relative water content and turgidity are reduced. Yield per plant 
and spikelets per spike were also reduced by water stress which subsequently reduced the yield. 
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The ability of a genotype to tolerate water stress differed based on the level of stress and the 
sensitivity of the genotype’s growth stage. Hence, some genotypes (Tarata, ZAS-08 (08), ZAS-
42(21), and Ghazanavi-98) were more tolerant than others resulting in high yield. These results 
imply that water stress affects wheat genotypes, however, the level of tolerance differs among 
genotypes and depends on the duration of the stressing period and the sensitivity of the 
genotype’s growth stage. These outcomes also give an indication that there is a possibility of 
planting irrigated wheat genotypes with growth stages that can cope with limited water.  
 
Water stress deteriorates wheat traits but some genotypes can recover and resume normal plant 
functioning after being subjected to water stress, hence it is important to identify such 
genotypes. This was also proven by Boutraa et al. (2010), who examined the effect of water 
stress on the growth and water use efficiency (WUE) on four wheat genotypes (Al-gaimi, Sindy-
1, Sindy-2, and Hab-Ahmar) grown in Saudi Arabia. The genotypes were exposed to three water 
regimes: 80% field capacity (FC) which served as a control, 50% FC as mild stress and 30% 
FC as severe stress. Significant correlations were evaluated between the type of genotype and 
the level of water stress. Among the four wheat genotypes, mild water stress affected Sindy-2 
by reducing the water use efficiency compared to Sindy-1, while Al-gaimi maintained a higher 
water use efficiency. The relative water content was however reduced for Al-gaimi and Hab-
Ahmar under severe stress whereas Sindy-1 and Sindy- 2 showed tolerance with a high relative 
water content. It was further discovered that Al-gaimi was the most water stress tolerant 
genotype among the four. This decision was influenced by the ability of this genotype to 
maintain a higher water use efficiency compared to other genotypes which is an important trait 
when evaluating water stress tolerance of a genotype under water limited conditions. The 
different responses of these traits to water stress can be due to the genetic build up of each 
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genotype, which in most cases determines the sensitivity of the genotypes’ growth stage to 
water stress.  
 
A similar study was conducted in Pakistan under rain shelter, to identify the effect of water 
stress on physiological and yield parameters at flowering stage in twelve elite spring wheat 
genotypes (Anmol, Inqilab, Moomal, TJ-83, Sarsabz, Khirman, SKD-1, TD-1, Kiran-95, 
Abadgar, Marvi and Imdad-05) (Jatoi et al., 2011). The study demonstrated that three of the 
wheat genotypes (TD-1, SKD-1, and Sarsabz) were more resistant to water stress at flowering. 
This was indicated by their ability to maintain a higher relative water content and obtain higher 
yields after being subjected to water stress at this growth stage. Genotype Anmol, Imdad-05 
and Inqilab retained the lowest relative water content proving to be susceptible to water stress 
at flowering. These results highlight that apart from the yield, the relative water content and 
water use efficiency can be used as genotype selection traits when trying to identify water stress 
tolerant growth stages in wheat genotypes. 
 
Furthermore, these studies collectively suggest that water stress threatens the growth and 
development of wheat. However, there is still a possibility of maximizing yields with limited 
water through evaluating growth stages within irrigated wheat genotypes that are not responsive 
to water stress and enable the crop to resume normal plant growth under stressful environments. 
The measuring of biochemical, physiological and morphological traits can be able to give 
researchers an accurate indication of the level of water stress tolerance at different growth stages 





2.4 Sensitivity of wheat growth stages to water stress 
 
Water stress imposed at any developmental stage of wheat genotypes negatively affects the 
crop’s physiological, morphological and leaf gas exchange traits which then lowers the yield 
and yield components of the crop (Hochman, 1982; Mirzae et al., 2011; Akram, 2011). 
Flowering, tillering and grain filling stages are some of the most sensitive growth stages to 




Tillering has great agronomic importance in wheat since it can partially or totally compensate 
the difference in plant number after crop establishment or may allow crop recovery after being 
subjected to water stress (Acevedo et al., 2002). The stage is considered as one of the most 
water stress sensitive growth stages in wheat (Acevedo et al., 2002). The sensitivity of tillering 
stage to water stress has been reported by Qadir et al. (1999) who conducted an experiment on 
how water stress at tillering stage affects growth and yield performance of four wheat genotypes 
(Pasban-90, Barani-83, Punjab-85, and Rohtas-90). The results revealed that water stress at 
tillering resulted in less number of fertile tillers for Pasban-90, and Punjan-85 genotypes. Water 
stress at tillering was also found to be detrimental to the leaf area, plant height, spikelets per 
spike and grain weight. However, the degree of sensitivity of tillering stage to water stress 
varied among genotypes and the intensity of the stress. This suggests that the tillering stage 
cannot survive without water, nevertheless, wheat genotypes that have been bred for high 




Veesar et al. (2007), also investigated the sensitivity of the tillering stage to water stress on 
Sindh-81, Mutant of Sindh-81, Indus-66 and Mutant of Indus-66 genotypes. Findings justified 
the sensitivity of the tillering stage to water stress as a significant reduction in plant height, the 
number of fertile tillers and spikelets per spike were evident. In terms of genotype performance, 
Sindh-81 was found to be the most tolerant genotype as its plant height, the number of fertile 
tillers and spikelets per spike were not reduced after water stress at tillering and similar to when 
this genotype is grown under full irrigation. This justifies that the tillering stage is one of most 
susceptible growth stages in wheat genotypes. Nevertheless, tolerant wheat genotypes have a 
tillering stage that does not disrupt the crop’s development and yield production when subjected 





The flowering stage is also considered as one of the most sensitive growth stages to water stress 
in wheat genotypes (Farooq et al., 2014). Water stress at this growth stage has been reported to 
result in a massive yield loss (Farooq et al., 2014). In a research study conducted in Turkey by 
Kilic and Yagbasanlar (2010), on the effect of water stress imposed at flowering stage of 14 
durum wheat genotypes (Altintoprak-98, Aydin-93, Ceylan-95, Dicle-74, Diyarbakir-81, 
D.5456, Ege-88, Firat-93, Gidara-II, Ozberk, Harran-95, Saricanak-98, Sorgul, and Balcali-
2000). Water stress resulted in reduced grain yield in sensitive genotypes. However, some 
genotypes were able to recover and produce high yield after being subjected to water stress.  
 
A similar study conducted by Khakwani et al. (2012) on growth and yield response of wheat 
genotypes to water stress at flowering stage indicated that Zam-04 and Hashim-8’s flowering 
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stage was highly resistant to water stress. These genotypes produced the highest yield compared 
to other genotypes stressed at flowering. This is an indication that flowering is the most critical 
growth stage to water stress in wheat but genotypes that are bred to withstand water stress may 
not be affected by water stress at flowering. Therefore, monitoring the response of wheat 
genotypes to water stress imposed at flowering can aid maximize wheat yields and conserve 
water without the crop suffering when irrigation is withheld at this growth stage. 
 
2.4.3 Grain filling 
 
Water stress at the grain filling results in reduced grain yield and yield components such as 
plants per unit area, tillers per plant, spikelets per head, and kernels per spikelet (Veesar et al., 
2007; Mirzaei et al., 2011). Despite these challenges, there are genotypes that can endure water 
stress at grain filling and this response is associated with the genetic features of each genotype 
(Veesar et al., 2007; Mirzaei et al., 2011). This was proven by Ahmadi and Baker (2001), who 
conducted a glasshouse experiment to determine the sensitivity of the grain filling stage to water 
stress. The grain filling stage was found to be very sensitive to water stress as the relative water 
content, leaf water potential, and grain yield were significantly lower under water stressed 
conditions than in well-watered conditions.  
 
The sensitivity of grain filling stage to water stress was also tested by Saeidi and Abdoli (2015), 
who evaluated the response of yield, gas exchange variables and some physiological traits of 
wheat genotypes to water stress imposed at grain filling. The genotypes evaluated were Bahar, 
Parsi, Pishtaz, Pishgam, Chamara, Zarin, Sivand, Marvdasht and DN-11. Results revealed that 
genotypes differed in their response to water stress at grain filling, for example, some genotypes 
indicated to be vulnerable to water stress at this growth stage. Thus, sensitive genotypes exposed 
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to water stress at grain filling had a lower stomatal conductance, the rate of photosynthesis and 
transpiration rate while these were higher for water stress tolerant genotypes. Likewise, Veesar 
et al. (2007) observed that a significant reduction in yield was evident when some wheat 
genotypes (Sindh-81, a mutant of Sindh-81, Indus-66 and mutant of Indus-66) were stressed at 
grain filling.  
 
Mushtaq et al. (2011) evaluated the performance of two wheat genotypes (Farooq-2006 and 
Mairaj-2008) when water stress was imposed at four growth stages; tillering, jointing, spike 
emergence and grain filling. Yield reduction was most evident after water stress at grain filling 
stage. These studies collectively suggest that the grain filling stage is the most sensitive growth 
stage but there is still a possibility of identifying wheat genotypes that have a water conserving 
grain filling stage while maximizing production.  
 
2.5 Mechanism of water stress tolerance  
 
The sensitivity of the crop’s growth stages to water stress negatively affects its growth and 
development (Fang and Xiong, 2015). This allows them to develop several response 
mechanisms which help tackle water stress and survive under water limited environments 
(Blum, 2010). These include drought tolerance, dehydration avoidance and drought escape 
(Tekle and Alemu, 2016). 
 
2.5.1 Drought tolerance 
 
Control of drought stress in crops is not only very complex but it is also influenced by other 
environmental factors and by the development stage of the crop (Waseem et al., 2011). Plants 
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can tolerate drought stress by modifying their morphological and physiological characteristics. 
These include a cuticle that decreases transpiration, closing of the stomata, reduction in leaf 
surface area, and the ability to accelerate senescence (Ribichich and Chan, 2015). 
 
To determine the ability of the plant to tolerate drought, several indices are used, these include 
stress tolerance index, susceptibility index, and yield stability index (Khan and Naqvi, 2011). 
These indices provide meaningful measures in drought stress conditions, in terms of comparing 
yield loss under water stress with that at suitable conditions (Golabadi et al., 2006). For instance, 
a higher value of tolerance index is an indication that the plant is more sensitive to water stress, 
whereas a lower value indicates the ability of the plant to tolerate water stress (Bogale and 
Tesfaye, 2011).  
 
The indicators associated with drought tolerance in the crop mainly cover the physiological 
parameters which are related to osmotic adjustment (OA), which is a major component of 
drought resistance (Fang and Xiong, 2015). Osmotic adjustment is the lowering of osmotic 
potential that arises from the net accumulation of solutes in response to water stress and in turn 
maintains turgor in plants (Guei and Wassom, 1993). For example, the accumulation of proline 
content in wheat after water stress has also been associated with drought tolerance 
(Mwadzingeni et al., 2016). Proline has been reported to accumulate in wheat genotypes after 
prolonged water stress which is an important component of drought resistance (Farooq et al., 
2014; Mwadzingeni et al., 2016). Hence, many research studies determining the effect of water 
stress on wheat have used the proline content as an indication of the level of water stress the 




2.5.2 Dehydration avoidance 
 
Dehydration avoidance can be defined as the ability of the plant to sustain high plant water 
status or cellular hydration under drought stress conditions (Blum, 2005). The dehydration 
avoidance strategies are diverse and mostly depend on the severity of stress. These strategies 
can take place in the whole plant, the organs or cellular level (Toriyama et al., 2004). Generally, 
plants avoid dehydration during water stress by closing the stomata that regulate water loss from 
the leaves, thereby restricting the transpiring area and maintaining the root water uptake as the 
soil becomes dry (Dodd and Ryan, 2016). Comas et al. (2013) reported that plants with higher 
root density and deep rooting system are associated with higher water absorption. Therefore, 
crops with a deep rooting system are favored where deep soil water is available in the profile. 
Ehlers and Goss (2016) stated that during dehydration avoidance plants avoid desiccation of 
their tissues by increasing water uptake, reducing water loss, or enhancing the internal storage 
of water. While, Levitt (1985) stated that dehydration avoidance due to cuticle control increases 
with leaf number to a maximum in the intermediate leaf, decreasing to a minimum in the upper 
leaves. The indicators associated with dehydration avoidance are usually related to moisture 
maintenance, water uptake and water use efficiency. Suggesting that plants can tolerate 
dehydration and resume normal plant growth (Fang and Xiong, 2015).  
 
2.5.3 Drought escape 
 
Drought escape is defined as the ability of the plant to complete its life cycle before major water 
stress occurs (Douglas and Asay, 1993). Plants with drought escape traits will germinate from 
dormant seed only when there is enough water (Ehlers and Goss, 2016). Afterward, they will 
survive with limited water supply because they can terminate vegetative growth and become 
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reproductive after a very short life cycle or after few weeks. Early maturing is an important 
attribute of drought escape (Blum, 2005). 
 
2.6 Parameters that assist detect the level of water tolerance in wheat genotypes 
 
Morphological (plant height, the number of fertile tillers, spike length and spikelets per spike) 
and physiological (rate of photosynthesis, stomatal conductance, intercellular CO2 
concentration and transpiration rate) traits can be good indicators when evaluating the level of 
water stress tolerance of wheat genotypes (Allahverdiyed, 2015). This was validated by an 
experiment conducted by Allahverdiyed (2015) who tested these parameters on six durum 
wheat genotypes (Garagylchyd 2, Shiraslan 23, Barakatli-95, Alinja-84, Vugar and Tartar) and 
seven bread wheat genotypes (Gobustan, Giymatli-2/17, Grmyxygul 1, Azamatli-95, Tale-38, 
12nd   FAWWONN097 and 4th FEFWSNN050) that are usually grown in Portugal. Water stress 
affected both the durum and bread wheat genotypes. For instance, leaf area was reduced in all 
the water stressed genotypes, however, the effect of water stress differed amongst genotypes as 
some genotypes were highly tolerant. Genotypes that are better adapted to water stress had a 
higher relative water content, leaf area index, rate of photosynthesis and transpiration rate, while 
these traits were low in water stress vulnerable genotypes.  
 
Allahverdiyed (2015) was supported by Anjum et al. (2011), who based on their findings 
concluded that water stress progressively reduced CO2 assimilation rates due to the reduction 
of stomatal conductance. Plant height, spike lengths, spike weight, spikelets per spike, grain 
yield, and chlorophyll content, are also components that can be used to determine the effect of 
water stress on wheat (Kilic and Yagbasanlar, 2010). A reduction in these parameters indicates 
the poor genotype performance (Kilic and Yagbasanlar, 2010). Boutraa et al. (2010) tested the 
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effect of water stress on growth and water use efficiency of wheat genotypes grown in Saudi 
Arabia. Plant height, water use efficiency and leaf area showed to be good water stress tolerance 
indicators in this experiment. They were found to be reduced after the water stress period in 
susceptible genotypes. Whereas, they were higher in better adapted genotypes and performed 
the same as genotypes subjected to full irrigation. The proline content is also reported to be an 
important solute that can determine the level of water stress tolerance in a genotype when it is 
experiencing water stress (Farooq et al., 2014; Mwadzingeni et al., 2016). It is important to 
measure as many physiological and morphological parameters as possible to be able to validate 
if a genotype is tolerant or susceptible to water stress. 
 
2.7 The importance of identifying water conserving irrigated wheat genotypes in South 
Africa 
 
Genotype choice is an important production decision and could aid in reducing the risk of crop 
failure (Otto, 2016). The decision is compounded by several factors which include yield 
potential, agronomic characteristics, the region considered and adaptability of the genotype 
(DAFF, 2010). The ability to survive under water stressed environments is among the many 
characteristics that should be considered when selecting a suitable genotype as wrong genotype 
choice is a yield-limiting factor (DAFF, 2010; Barnard, 2012; Liu et al., 2013). Better adapted 
genotypes will yield higher even under water limited conditions (DAFF, 2010; Barnard, 2012; 
Liu et al., 2013). To accurately determine water stress tolerant genotypes, a criterion for 
selection is used which involves rating the response of wheat genotypes to water stress based 





In South Africa, research studies focusing on identifying water stress tolerant growth stages in 
irrigated wheat genotypes is still in its infancy. The national wheat cultivar evaluation program 
on irrigated wheat conducted by the Agricultural Research Council-Small Grain Institute every 
year characterizes commercially released genotypes to recommend genotypes which will 
perform best in different production regions (Kilian et al., 2014, 2015). Trials are planted in all 
the major wheat production regions of South Africa, namely; Cooler Central irrigation areas, 
the Warmer Northern irrigation areas, KwaZulu-Natal and Highveld irrigation areas (Kilian et 
al., 2014, 2015; ARC-SGI, 2014, 2015). At each production region, there are more than 16 
localities (test sites) where the trials are planted (Kilian, 2014, 2015). The number of genotypes 
tested differs yearly and it depends on the number of new entries received in a certain year. For 
instance, in 2015, 24 genotypes were planted in each locality under each production region, 
while in 2014, 19 genotypes were planted (Kilian, 2014, 2015). The genotypes are all getting 
sufficient water based on the farmers’ irrigation scheduling, irrigation is not restricted. This is 
to recommend genotypes to farmers that will perform well in their environments under their 
management schedule. But this still does not provide a solution for irrigated wheat farmers 
should they be faced with a crisis of water shortage. Moreover, this limited information restricts 
farmers from withholding irrigation at any growth stage as some growth stages are more 
sensitive than others. 
 
2.8 Techniques to select water stress tolerant genotypes  
 
Several methods have been applied in different studies globally for identifying water stress 
tolerant genotypes (Mirbahar et al., 2009; Boutraa et al., 2010; Hammad and Ali, 2014). 
Hammad and Ali (2014) carried out an experiment on both the field and glasshouse in an 
attempt to detect the best performing wheat genotypes exposed to three water regimes: irrigation 
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depletion of 50%, 65%, and 80% of available soil water. Their findings showed that crops under 
water stress experienced a reduction in grain yield, number of spikes, grain weight, and the 
number of grains per spike but concluded that the were genotypes that performed better than 
others. Furthermore, the severity of the effect on these traits dependent on the period of water 
stress. The method used in this study signified the effects of the different water stress levels and 
how each wheat genotype reacts to water stress.  
 
Boutraa et al. (2010) studied the effect of water stress on growth and water use efficiency using 
four wheat genotypes (Sindy-1, Sindy-2, Al-gaimi and Hab-Ahmar) and concluded that wheat 
genotypes differed in the response to water stress hence some were water stress tolerant. Among 
the four genotypes used, Al-gaimi was more tolerant. This experiment was successfully 
conducted in the glasshouse. Mibahar et al. (2009) demonstrated that even though water stress 
influences wheat traits such as plant height and number of tillers, the wheat genotypes are still 
able to adjust and adapt to these conditions. 
 
Lastly, Saeidi et al. (2015) who also planted greenhouse trials of different bread wheat 
genotypes indicated that water stress decreased grain yield by reducing the number of grains 
per spike. Furthermore, water stress significantly reduced the chlorophyll content and the 
relative water content in wheat genotypes. However, Pishtaz and Marvdasht among the tested 
genotypes showed tolerance to water stress as they recovered very well after water stress was 
eliminated. Findings in these studies suggest that there are many different techniques to evaluate 
the performance of wheat genotypes under water stressed conditions. The technique to use can 
depend on the objective of the study or the availability of the equipment but whichever 




2.9 Research gaps and future prospects for South Africa’s wheat industry  
 
In this review, the focus was primarily on the effect of water stress imposed at different growth 
stages of wheat genotypes, the strategies of adaptation of these genotypes to water stress at 
different growth stages and the various methods of selecting tolerant wheat genotypes with 
water stress adaptable growth stages. It is evident that water stress directly affects wheat 
genotypes at different growth stages and identifies yield as a predominant consequence. In fact, 
the higher wheat yields are obtained in wheat genotypes that could tolerate water stress 
compared to the sensitive ones. 
  
The review further showed that more in-depth research still needs to be done in South Africa to 
better understand the response of irrigated wheat genotypes to water stress induced at certain 
growth stages. This was also proven by the fact that most research studies on wheat conducted 
in the country focus on breeding and evaluating tolerant genotypes under dryland conditions. 
While, research on irrigated wheat genotypes evaluates their performance at various 
geographical regions and management strategies. This review was also able to justify that 
whichever technique used whether it’s a field experiment or at the glasshouse, identification of 
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The recent drought in South Africa, over the past decade, has not only reduced the production 
of dryland wheat but has also decreased yields of irrigated wheat. This study evaluated 
physiological traits of irrigated wheat genotypes in response to water stress imposed at different 
growth stages. A factorial experiment [2 water treatment (stressed vs non-stresses) x 3 growth 
stages (tillering, flowering & grain filling) x 8 (genotypes)] based on a randomized complete 
block design with three replicates was conducted. The results indicated that the rate of 
photosynthesis was affected by water stress for genotype LM98 at tillering and LM43 at 
flowering while the other 6 genotypes tested were not affected. Transpiration rate and stomatal 
conductance were not affected across growth stages. Genotype LM43 and LM35 instantaneous 
water use efficiency was not reduced by water stress at tillering but lower after water stress at 
flowering. In genotype LM35, LM79, LM57 and LM98 it was affected at grain filling. The 
relative water content was not affected at grain filling but reduced for LM43 and LM35 at 
tillering. At flowering, it was affected in LM98, LM79, LM83 and LM57. In conclusion, 
LM35, LM79, LM57 and LM98 was not affected by the imposed water stress at grain filling. 
LM43 and LM35 were tolerant to water stress at tillering but sensitive at flowering.  
 







Drought is the major factor limiting wheat (Triticum aestivum L.) production worldwide and 
has been the main reason for reduced yield in recent years (Mancosu et al. 2015; Daryanto et 
al. 2016). The production of irrigated wheat under water limiting conditions has become a 
major contributor to the total wheat production in South Africa compared with dryland wheat 
production (Fourie and Botha 2011). However, increasing drought occurrences in recent years 
has caused water shortages which pose a challenge to the frequent use of irrigation water (WRC 
2015, 2016). Drought incidences have resulted in the lowering of the country’s major water 
supplying dams and some parts of the country being listed as disaster areas (WRC 2015, 2016). 
Therefore, leading to the restriction of water use across the country (Turton et al. 2016).  
 
Alternative strategies such as withholding water at certain irrigation intervals can assist in 
maximizing wheat production under limited water conditions. On the other hand, this could 
result in crop failure as insufficient water at water stress sensitive growth stages reduces 
productivity (Tabassam et al. 2014). Tillering, flowering and grain filling have been reported 
to be sensitive growth stages in wheat production (Sokoto and Sigh 2013; Nayyar and Walia 
2003). However, due to the physiological mechanisms which are governed by the genetic 
makeup of each genotype some of these growth stages can cope with water stress in tolerant 
wheat genotypes (Blum 2005; Farooq et al. 2009; Hanin et al. 2011). These are referred to as 
response mechanisms and include; drought escape, dehydration avoidance, and drought 
tolerance (Blum 2005; Farooq et al. 2009; Tekle and Alemu 2016). Accumulation of proline 




Proline content is the amino acid that accumulates in plants when they are subjected to water 
stressed conditions together with the relative water content, rate of photosynthesis, stomatal 
conductance, transpiration rate and water use efficiency have been used as water stress 
physiological indices in many studies (van Heerden and de Villiers 1996; Hafid et al. 1998; 
Hayat et al. 2012). The different reactions of these traits to water stress at different growth 
stages of wheat genotypes have been able to assist researchers in identifying water stress 
tolerant growth stages in irrigated wheat genotypes (Ashraf and Khan 1993; Akram 2011; 
Saeidi et al. 2015). However, such research is still lacking in South Africa. Therefore, it is 
important to study the physiological responses of the newly developed wheat genotypes to 
further improve their performance under water stress conditions. Hence, the present study was 
conducted to select water stress tolerant irrigated wheat genotypes through evaluating the 
response of their physiological traits after water stress at tillering, flowering and grain filling. 
 
3.3 Materials and Methods 
3.3.1. Experimental description, design, plant material and agronomic practices 
 
A greenhouse experiment was conducted during the 2015/16 winter season in a tunnel at the 
University of KwaZulu-Natal, Pietermaritzburg, South Africa (29˚ 37' S, 30˚ 24' E). The 
average day and night temperatures in the tunnel were 30 °C and 18 °C, respectively, while the 
relative humidity ranged between 45 - 55%. Temperature and relative humidity were monitored 
electronically using a data logger (HOBO 2K logger, Onset Computer Corporation, Bourne, 
USA). Based on soil analysis conducted prior to planting, the soil texture was clay loam with 
P (18 mg/L), K (188 mg/L), Ca (1300 mg/L), Zn (5 mg/L), Mn (73 mg/L), Cu (15.1 mg/L), pH 
(4.64), organic carbon (2.1%) and total N (0.19%). Nitrogen, phosphorus and potassium were 
applied in 160 kg ha-1; 20 kg ha-1 and 0 kg ha -1, respectively using urea (46%) and single 
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superphosphate (10.2%) to meet crop nutritional requirement (Brady and Weil, 2008). The 
weeds were removed by hand, weekly.  
 
Eight wheat genotypes (LM35, LM66, LM47, LM83, LM79, LM57, LM43 and LM98) were 
evaluated under two water regimes (well irrigated and water-stressed). An 8 × 2 × 3 factorial 
arrangement in a randomized complete block design (RCBD) was laid out with three replicates. 
Crops were subjected to water stress at the beginning of each growth stage (tillering, flowering 
and grain filling) by removing the drippers and relieved of water stress at the end of these 
growth stages by placing back the drippers.The beginning and final phase of each growth stage 
were determined using a high descriptive growth scale referred to as the Zadoks scale (Figure 
1) (Zadoks et al. 1974; ARC-SGI 2014). The control was irrigated to field capacity. Soil 
moisture was monitored with a Time Domain Reflectometer probe (Campbell Scientific Inc. 








Figure 1: A guide to the identification of growth stages in grain crops (Zadoks et al. 1974; 





3.3.2 Data collection 
3.3.2.1 Leaf gas exchange traits 
 
The stomatal conductance (gs), the rate of photosynthesis (Pn), transpiration rate (Tr) and 
instantaneous water use efficiency (IWUE) were measured under full sunlight using the LI-
6400 XT Portable Photosynthesis System (Licor Bioscience, Inc. Lincoln, Nebraska, USA) 
(Allahverdiyev et al. 2015). The flag leaf was placed on the sensor of the machine, this was 
done at the end of the stressing period in each growth stage for both stressed and well-watered 
genotypes. 
 
3.3.2.2 Relative water content  
 
The relative water content was measured in daytime using the flag leaf of each genotype in all 
growth stages (tillering, flowering, and grain filling) after water stress for the stressed and non-
stressed genotypes. Three plants per genotype were selected randomly. The flag leaf was 
removed from each plant using secateurs. The leaves were placed in sealed plastic bags and 
transferred to the laboratory immediately to minimize the loss of leaf moisture. Fresh weights 
were measured within two hours after removal. The turgid weight was weighed after soaking 
the leaves in distilled water for 18 hours at room temperature below 20 °C and under low light 
conditions. The soaked leaves were then quickly and carefully blotted with tissue paper and 
the turgid weight was determined. Dry weight was measured after oven drying the leaf samples 
for 48 hours at 85 °C (Boutraa et al. 2010). The relative water content was calculated using 
Eq.1 (Boutraa et al. 2010). 
 
RWC (%) = 
𝑓𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡−𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡(𝑔)
𝑡𝑢𝑟𝑔𝑖𝑑 𝑤𝑒𝑖𝑔ℎ𝑡−𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡(𝑔)




3.3.2.3 Proline analysis 
 
The proline was determined on the flag leaves of each genotype after the water stress period in 
each growth stage and replicate under both treatments in the three growth stages (Bates et al. 
1973). The leaves were collected in daytime, placed in labeled zip lock bags and transferred to 
the laboratory. The samples were preserved in a freezer at -65 °C. After a week, the leaves 
were then removed from the freezer and freeze dried (lyophilisation; cryodesiccation) for 48 
hours at -56 °C using Virtis Benchtop freeze dryer system (ES Model, SP Industies Inc., 
Warminster, USA) (Bates et al. 1973). The dried samples were ground to a powder using a 
mortar and pestle containing liquid nitrogen and 0.5 g of each sample was inserted in labeled 
test tubes (Bates et al. 1973). A 10 mL of 3% sulfosalicylic acid was prepared by mixing 30 g 
of sulfosalicylic acid powder with 1 L of water. The mixture was added to the 0.5 g ground leaf 
samples. The mixture of each sample was then homogenized for one minute using a stirrer 
(ULTRA-TUR-RAX, IKA® T25 digital, Staufen, Germany) to completely break down the 
cells in the ground leaf samples (Bates et al. 1973). The homogenized mixture was then filtered 
using glass wool. A 2 mL of the filtrate was reacted with 2 mL of acid ninhydrin and 2 mL of 
glacial acetic acid (Bates et al., 1973). The reaction mixture was then placed in an ultrasonic 
bath (Labotec, Model No. 132, Labotec (PTY) LTD, Johannesburg, South Africa) at 100 °C 
for one hour thereafter, 4 mL of toluene was added to each sample (Bates et al. 1973). The 
reaction mixture was then shaken vigorously for 15 - 20 seconds using Vortex mixer (Heidolph, 
Germany). Using toluene for blank, the absorbance was read at 520 nm in a UV-1800 
spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The proline concentration was 




Proline content (µg per gram of dry leaf tissue) 
= [(µgproline/ml) × mltoluene)/115.5µg/µmole]/ [(gsample)/5]                                 2 
 
3.3.3 Data analysis 
 
The collected data was subjected the analysis of variance (ANOVA) using GenStat® 18th 
Edition (VSN International, Hemel Hempstead, UK). Mean separation was done using Tukey’s 
test at 5% probability level. Correlation analysis of the measured traits was done with the 
principal component analysis (PCA) based on correlation matrix and biplots were plotted for 
both water stress and well-irrigated conditions. 
 
3.4 Results and discussion 
 
3.4.1 Rate of photosynthesis 
 
The genotypes maintained similar (p > 0.05) rate of photosynthesis in all growth stages except 
for LM98 and LM43 stressed at tillering and grain filling stage, respectively (Fig. 2). This may 
imply that all the studied genotypes were tolerant to water stress in all growth stages but LM98 
may be sensitive to water stress at tillering stage while on the other hand, LM43 may be 
sensitive to water stress at flowering stage. These results contradict those of Wang et al. (2016) 
who found that there was a significant decrease in the rate of photosynthesis when wheat 
genotypes (Xinong 979 and larger-spike wheat) are subjected to water stress at tillering, 
flowering and grain filling. However, they are supported by some of the results and conclusion 
made by these authors that the rate of photosynthesis is not affected by water stress if the 





Figure 2: The rate of photosynthesis after water stress at different growth stages of wheat 
genotypes.  
 
3.4.2 Transpiration rate and stomatal conductance 
 
Water stress at tillering, flowering and grain filling did not have any significant effect (p > 
0.05) on the stomatal conductance and transpiration rate (Fig. 3). These results suggest that the 
studied genotypes were tolerant to water stress at the three growth stages. Allehverdiyev et al. 
(2010) indicated that there is a strong relationship between the transpiration rate and stomatal 




































































































































Water-stressed No -water stress
LSD = 9.22 LSD = 3.93 LSD = 3.15
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Genotypes that maintain a high stomatal conductance and transpiration rate after water stress 
at each growth stage are considered tolerant (Gomes et al. 2004; Lisar et al. 2012). Hence, it 
may be concluded in this study that the studied genotypes may withstand water stress at all 
growth stages of wheat development. The insignificant effect of water stress on the 
transpiration rate at all growth stages contradict those of Heinemann et al. (2011), who found 
that when water stress is imposed at either tillering, flowering or grain filling, the most effective 
response of the crops is a decline in the transpiration rate and stomatal conductance to reduce 
the rate of water loss. These results also contradict those of Lisar et al. (2012) and Boutraa et 
al. (2010) who discovered that the rate of transpiration is reduced when wheat genotypes (Al-
gaimi, Sindy-1, Sindy-2, Hab-Ahmar) are exposed to limited water conditions at flowering, 
tillering or grain filling. However, they are in line with those of Damayanthi et al. (2010), who 
justified that genotypes (TRI 2025, DN, CY9, DG7, DG39, TRI 2024, TRI 2023 and TRI 2026) 
that maintain a high rate of transpiration and stomatal conductance after water stress at 
flowering, tillering and grain filling growth stage are water stress tolerant. The results of this 
study can be further explained by the fact that the studied genotypes were bred to be highly 
tolerant to water stress and the duration of the stress imposed in each growth stage may not 





Figure 3: Effect of water stress at different growth stages on the stomatal conductance and 
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3.4.3 Instantaneous water use efficiency 
 
Higher instantaneous water use efficiency was recorded in the well-irrigated genotypes at all 
growth stages (Fig. 4). However, when water stress was imposed at tillering the instantaneous 
water use efficiency of genotype LM66, LM47, LM83, LM57 and LM98 were reduced (p < 
0.05) by 71%, 33%, 34%, 46% and 57% (Fig. 4). Water stress at flowering stage only 
influenced (p < 0.05) genotype LM35 and LM43 with 71% and 74% less instantaneous water 
use efficiency correspondingly (Fig. 4). Whereas, after water stress at grain filling a reduction 
(p < 0.05) in instantaneous water use efficiency was evident in genotype LM35 (58% reduction 
in instantaneous water use efficiency), LM79 (55% reduction in instantaneous water use 
efficiency), LM57 (45% reduction in instantaneous water use efficiency) and LM98 (57% 
reduction in instantaneous water use efficiency) (Fig.4). The rest of the genotypes subjected to 
water stress at these growth stages showed tolerance to water stress. These results were in line 
with the findings of Boutraa et al. (2010) and Li et al. (2017) who concluded that the 
instantaneous water use efficiency was affected by water stress at different growth stages 
depending on the susceptibility of the genotype and the duration of the stress period. It can, 
therefore, be concluded that withholding irrigation at any growth stages should only be 










Figure 4: Instantaneous water use efficiency of irrigated wheat genotypes after water stress at 
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3.4.4 Relative water content 
 
A high relative water content was evident in the genotypes subjected to full irrigation whereas 
when water stress was imposed the relative water content of the genotypes subjected to water 
stress at grain filling was not affected (p > 0.05) (Fig.5). Genotype LM35 (18% lower relative 
water content) and LM47 (13% lower relative water content) were the only ones affected by 
water stress at tillering stage while the rest of the genotypes subjected to water stress at this 
growth stage were tolerant (Fig. 5). The lowest relative water content obtained after water stress 
at the flowering stage was from genotype LM98 with a 46% reduction in the relative water 
content followed by LM79 with 42% lower relative water content, LM83 (35% lower relative 
water content and LM57 (31% lower relative water content). These findings contradict those 
of Khakwani et al. (2012) and Keyvan (2010) who discovered that wheat genotypes (Damani, 
Hashim-8, Gomal-8, DN-73, Zam-04, Dera-98, Chamran, Marvdasht, and Shahriar) were all 
affected when water stress was experienced at flowering, tillering or grain filling. However, 
they are supported by the some of the findings and discussion made by these authors that 






Figure 5: Influence of water stress imposed at three growth stages on the relative water content 
of wheat genotypes.  
 
3.4.5 Proline content 
 
Water stress imposed at the three growth stages did not cause a significant (p > 0.05) 
accumulation of the proline content (Fig. 6). However, the stressed treatment showed a trend 
towards higher levels. This may suggest that the studied genotypes were not severely affected 
by water stress which might have led in a non-significant increase in the proline content. These 
findings differ from those reported by Man et al. (2011), Maralian et al. (2010), Mwandzingeni 
et al. 2016) who found that proline content accumulates significantly in crops under water 
stress. Whereas, they are supported by the fact that proline content only shows a significant 
accumulation if the crops under water stress are being severely affected (Sultan et al. 2012; 
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could be because the duration of the stress imposed in the studied genotypes at the three growth 
stages might not have been long enough to cause a significant accumulation in the proline 
content.  
 
Figure 6: Proline accumulation after water stress at different growth stages of wheat 
development. 
 
3.4.6 Correlation analysis  
 
Results of the current study show that there were strong positive correlations between proline 
content, transpiration rate, stomatal conductance and instantaneous water use efficiency (Fig. 
7). However, these were negatively correlated with the rate of photosynthesis. The negative 
correlation in this study between photosynthesis and stomatal conductance is supported by 
Siddique et al. (1999) who explained that the reduction in the rate of photosynthesis under 
water stress may not be regulated by the stomatal conductance but rather by non-stomatal 
factors. However, they contradict those of Wang et al. (2016) who found a correlation between 
the rate of photosynthesis and stomatal conductance. Hidayati et al. (2016) also discovered that 
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findings with an explanation by Maxwell and Johnson (2000) who indicated that the rate of 
photosynthesis is mostly influenced by the energy received from light that is absorbed by the 
chlorophyll and may not be associated with the transpiration rate or stomatal conductance. The 
positive correlation between the rate of transpiration and stomatal conductance may be due to 
the reaction of these traits to water stress at tillering, flowering and grain filling which indicated 
no significant (p < 0.05) effect of water stress to these traits. (Fig. 3, 7). This was also the case 
for the proline content which did not accumulate in any of the growth stages after water, hence 





Figure 7: Biplot graphical display of the measured traits in wheat genotypes under both water 
stress and full irrigation conditions at tillering, flowering and grain filling. IWUE(▲), 







3.5 Conclusion  
 
Due to studies that demonstrate that despite the reaction of other traits such as the rate of 
photosynthesis, stomatal conductance, transpiration rate, and relative water content; genotypes 
with a higher water use efficiency are best suited to be planted in environments with limited 
water. It can, therefore, be suggested from the studied genotypes that LM35, LM79, LM57 and 
LM98 are sensitive to water stress at grain filling. But for irrigation that is to be withheld at 
tillering, LM43 and LM35 are the only ones suitable for planting whereas they are the only 
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Water shortage is one of the major constraints that have resulted in the decline of wheat 
production in South Africa. Therefore, to save water while improving yield, it is important to 
assist irrigated wheat farmers to identify water stress tolerant growth stages in irrigated wheat 
genotypes. This study evaluated newly introduced water stress tolerant wheat genotypes for 
water stress tolerance at different stages of crop growth and development namely tillering, 
flowering and grain filling. An 8 (genotypes) × 2 (water treatments) × 3 (growth stages) 
factorial experiment was laid out in a randomized complete block design with three replicates. 
The results indicated that plant height was not affected (p > 0.05) by water stress at tillering 
and grain filling. Water stress imposed at tillering stage reduced the number of fertile tillers (p 
< 0.05) in susceptible genotypes while at flowering and grain filling stage all genotypes were 
tolerant (p > 0.05). The spike length was affected by water stress in all growth stages (p < 0.05). 
Aboveground biomass was only affected (p < 0.05) by water stress imposed at tillering stage 
and the harvest index was not affected (p > 0.05) at all growth stages. Water stress reduced 
grain yield on the genotypes where stress was imposed at tillering stage (p < 0.05) whereas 
when stress was imposed at flowering and grain filling the grain yield was not reduced (p > 
0.05). This was linked to the number of fertile tillers after water stress at each growth stage. 
This study provided sufficient evidence that suggests that most genotypes at flowering and 
grain filling stage are tolerant to water stress, while, the tillering stage is susceptible. Genotype 
performance after water stress was imposed at tillering stage indicated that LM83 is tolerant to 
water stress while LM47, LM79 and LM66 are most vulnerable.  
 






Water is a scarce resource in South Africa. However, the country still has the potential to 
increase its wheat production while minimizing water use (Muller et al., 2009; Negassa et al., 
2013; Heyns and Malan, 2015). This can be achieved through the implementation of alternative 
strategies and research priorities that consider the country’s changing climatic conditions and 
working towards saving available water (Negassa et al., 2013). Wheat is one of the major crops 
produced in South Africa, but its production is threatened by the frequent occurrence of drought 
period in the country (Macauley, 2015; Daryanto et al., 2016). Water shortage has also 
threatened the production of irrigated wheat which used to boost the total wheat production of 
the country during dry periods (Fourie and Botha, 2011; Dube et al., 2016).The Water Research 
Commission of South Africa (2015, 2016), has reported water use restrictions of up to 60% in 
some provinces because of the severe drought. Hence, for crop production, yield improvements 
and effective water conservation strategies, identification of water stress tolerant growth stages 
is one of the best alternative measures. This will allow for the innovative use of water by saving 
water at tolerant growth stages while maximizing wheat production (Evans and Sadler, 2008).  
 
Plant height, spike length, the number of fertile tillers, biomass production, grain yield, and 
harvest index have been reported in many research studies to be affected by water stress (Qadir 
et al., 1999; Taheri et al., 2011; Valizadeh et al., 2014). These traits have been shown that they 
are reduced by water stress than when wheat is grown under full irrigation (Sharma, 1993; 
Boutraa et al., 2010; Ruttanaprasert et al., 2016). However, the response of these traits to water 
stress varies depending on the genotype, duration of water stress period and the sensitivity of 
the growth stage (Nezhadahmadi et al., 2013). Therefore, a better understanding of the 
physiological response of these traits to water stress imposed at different growth stages can aid 
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in the identification of adaptable, water conserving growth stages for irrigated wheat. It is 
essential that the available water is used economically and efficiently while at the same time 
not adversely affect wheat production. As part of the global effort, the International Maize and 
Wheat Improvement Center (CIMMYT) has bred new genotypes which are reported to be 
highly tolerant to very hot and dry conditions hence requiring less water. However, the survival 
of these genotypes against water stress at different growth stages still needs to be assessed. Due 
to the water crisis in South Africa, the severe effect of water stress on wheat yields and the 
limitation of water use across the country, it is imperative to assist irrigated wheat farmers to 
conserve water by identifying water stress tolerant growth stages in wheat genotypes. Hence, 
the objective of this study was to determine the growth stage at which limited water supply 
would have minimal effect on the growth, development and yield of eight newly developed 
wheat genotypes. 
 
4.3 Material and methods 
4.3.1 Plant materials 
 
Seeds of studied wheat genotypes (Table 1) were obtained and developed at the CIMMTY’s 










Table 1. Pedigree/name of genotype planted with their entry code 





Local check LM79 




4.3.2 Site description 
 
This study was conducted in the tunnel at the University of KwaZulu-Natal, Pietermaritzburg, 
South Africa (29˚ 37' S, 30˚ 24' E). The tunnels day and night temperature were 30° C and 18° 
C respectively while the relative humidity ranged between 45 – 55%. Temperature and relative 
humidity were monitored electronically using a HOBO 2K logger (Onset Computer 
Corporation, Bourne, USA). 
 
4.3.3 Experimental design  
 
The experiment was designed as 8 × 2 × 3 factorial experiment carried out in a randomized 
complete block design (RCBD) with three replicates. The three factors were; factor A): 
genotypes on 8 levels, factor B): water treatment on 2 levels and factor C): growth stages on 3 
levels. The two levels of water treatment were T1 - stressed and T2 - no - stress (control). The 
three levels of growth stages were tillering, flowering and grain filling and the 8 levels of 
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genotypes are those listed in Table 1. The whole experiment consisted of 144 experimental 
units. Water was applied using drip irrigation system.  
 
Soil moisture was monitored daily with a Time Domain Reflectometer (Campbell Scientific 
Inc., USA). The control was irrigated to field capacity and stress treatment was imposed by 
withholding water at each growth stage (tillering, flowering and grain filling). The Zadoks 
scale was used as a guide throughout this experiment to accurately determine the beginning 
and end of each growth stage (Zadoks et al., 1974; ARC-SGI, 2014). The Zadoks scale is a 
highly descriptive growth scale that is widely used for studies in grain crops (Zadoks et al., 
1974). It is mostly recommended due to its simple and effective layout that assist in 
determining the growth stages of wheat. 
 
4.3.4 Agronomic practices  
 
Planting was done in July 2015 and the soil used in this study was collected at Ukulinga 
Research Farm, of the University of KwaZulu-Natal, Pietermaritzburg, South Africa (29˚ 40' 
S, 30˚ 24' E). Prior to planting soil samples were analyzed for soil fertility and soil texture 
which was classified as clay loam (USDA taxonomic system) with the chemical properties 
displayed in Table 2. Based on fertility test, 160 kg ha-1 N; 20 kg ha-1 P and 0 kg ha -1 K were 
applied at planting using urea (46%) and single superphosphate (10.2%) to meet crop 
nutritional requirement. Weeds were removed by hand every week.  
 
Table 2. Chemical properties of the soil collected at Ukulinga Farm  
P K Ca Mg Zn Mn Cu pH Org. C Total N. 
mg/L Water % 
18 188 1300 314 5 73 15.1 4.64 2.1 0.19 
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4.3.5 Data collection  
 
Plant height, the number of fertile tillers and spike length were determined during the day at 
each growth stage after the water stress period was imposed. Three plants of each genotype 
were randomly selected for measurement and a measuring tape was placed from the base of 
the plant up to the end of the spike to measure plant height. The number of fertile tillers was 
counted in each genotype under each treatment and growth stage (Boutraa et al., 2010; 
Grenzdorffer, 2014). The spike length was measured at maturity for all growth stages and under 
both treatments with a ruler. Grain yield was determined by harvesting spikes from all 
genotypes, in all growth stages, treatments and replicate and placed in brown paper bags. The 
thrashing was done by hand and the grains were placed back in bags for weighing.  
 
The grain yield was weighed and reported in t ha-1. Aboveground biomass was determined after 
removing the spikes, the whole plant excluding the roots was harvested in each genotype for 
all growth stages under both treatments. The samples were then placed in brown paper bags 
and transferred to the laboratory. The samples were oven dried at 70 °C for 48 hours to remove 
moisture and the aboveground biomass was weighed and reported in t ha-1 (Brisson et al. 2001). 
The harvest index (HI) is the ratio of grain yield to total aboveground biomass and it indicates 
the ability of the crop to allocate biomass (Asseng et al., 2001; Wnuk et al., 2013). The HI was 





 × 100%                                                                                       1
  




4.3.6 Statistical analysis  
 
The data from this study was subjected to the analysis of variance (ANOVA) using GenStat® 
18th Edition (VSN International, Hemel Hempstead, UK). The means were separated with the 
Tukey’s test at 5% probability level. Correlation analysis of the measured traits was done with 
the principal component analysis (PCA) based on correlation matrix and biplots were plotted 
for both water stress and well-irrigated conditions. 
 
4.4 Results and discussion  
4.4.1 Plant height 
 
Plant height was not affected (p > 0.05) by water stress at tillering and flowering stage but the 
effect was significant (p < 0.05) when water stress was imposed at grain filling stage (Fig. 1).  
These results suggest that the grain filling stage is the most water stress sensitive growth stage 
in the studied genotypes while the tillering and flowering growth stages are tolerant to water 
stress.  
 
Genotype performance after water stress was imposed at grain filling indicated that only 
genotype LM66 (90.67cm plant height after water stress), LM83 (87.33 cm plant height after 
water stress) and LM79 (88.67 cm plant height after water stress) were susceptible to water 
stress with 11%, 12% and 11% reduction in plant height respectively (Fig. 1). The rest of the 
genotypes were not affected by water stress imposed at grain filling (Fig. 1). The overall 
findings suggest that plant height reduced by water stress maybe due to the difference in the 
genetic character of the different genotypes which determines the sensitivity of the growth 




These results contradict those of Khakwani et al. (2012) and Maqbool et al. (2015) who found 
that plant height is mostly affected when water stress is imposed at flowering stage. But, they 
are explained by the conclusion made by these authors that plant height is only reduced when 
water stress is imposed at water stress sensitive growth stages while the is no effect in plant 
height when water stress is imposed at tolerant growth stages. Sarvestani et al. (2008) who 
agree with the results of this study indicated that the plant height was significantly affected by 
water stress at grain filling stage. However, these authors also discovered that plant height is 
affected by water stress in wheat genotypes with a water stress sensitive flowering growth 
stage. This, therefore, may imply that in the studied genotypes the flowering and tillering 

































































































































4.4.2. Number of fertile tillers  
 
A higher number of fertile tillers were recorded in none stressed treatment (Fig. 2). While, 
when the stress was induced, the number of fertile tillers were found to have been reduced after 
water stress at tillering stage for genotype LM79 (1.67 fertile tillers after water stress), LM66 
(2.00 fertile tillers after water stress), LM43 (1.67 fertile tillers after water stress), LM47 (2.33 
fertile tillers after water stress), LM57 (2.33 fertile tillers after water stress) and LM35 (2.33 
fertile tillers after water stress) (Fig. 2). The number fertile tillers of these genotypes were 
reduced by 61%, 60%, 58%, 53%, 46% and 42%, respectively. However, water stress induced 
at flowering and grain filling had no effect (p > 0.05) on the number of fertile tillers (Fig. 2).  
 
Genotypes with better-adapted growth stages are represented by a higher number of fertile 
tillers after water stress at each growth stage whereas few fertile tillers denote susceptibility 
(Akram, 2011) (Fig.2). These results are in line with those of Maqbool et al. (2015) who found 
that water stress imposed at tillering stage reduces the number of fertile tillers in wheat 
genotypes (Faisalabad-2008, Lasani-2008 and Kohistan-97). However, the findings of this 
study contradict some of the findings by these authors as water stress at flowering and grain 
filling stage were found to have no effect on the number of fertile tillers. Whereas, Maqbool et 
al. (2015) indicated that water stress at flowering and grain filling reduced the number of fertile 
tillers. This suggests that the studied genotypes have a flowering and grain filling growth stage 





Figure 2. Effect of water stress imposed at different growth stages on the number of fertile 
tillers 
 
4.4.3 Spike length  
 
Higher spike length was attained in wheat genotypes under none stressed treatments in all 
growth stages (Fig. 3). When water stress was imposed at the flowering stage only genotype 
LM43 (20% spike length reduction) was affected (p < 0.05) (Fig. 3). Water stress at tillering 
stage had an effect on genotype LM35 (31% spike length reduction) and LM79 (38% spike 
length reduction). Only genotype LM47 (38% spike length reduction) was affected (p < 0.05) 
by water stress at grain filling stage (Fig. 3). This suggests that the genotypes that had their 
spike length reduced after water stress was imposed at each growth stage are susceptible and 
































































































































These results agree with those of Sokoto and Singh (2013) who reported that water stress at 
flowering, tillering and grain filling stage resulted in shorter spike length in genotypes ( that 
are sensitive to water stress at each growth stage. However, they oppose those of Vafa et al. 
(2014) who showed that water stress during flowering and grain filling stage does not affect 
spike length. As this study was able to discover genotypes that are sensitive to water stress at 
grain filling and flowering growth stage (Fig. 3). The different responses of these genotypes to 
water stress at each growth stage can be associated with their genetic make-up which influences 
their defense mechanisms to water stress. 
 
 
Figure 3. Spike length of wheat genotypes after water stress imposed at different growth stages  
 
4.4.4 Aboveground biomass 
 
The aboveground biomass of the studied genotypes was affected (p < 0.05) by water stress 
imposed at the tillering stage, however, at flowering and grain filling stage the aboveground 
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genotypes that have the crop’s aboveground biomass not affected by water stress are referred 
to as water stress tolerant growth stages (Castro-Nova et al., 2012; Boudjabi et al., 2015).  
 
Evaluation of genotype performance indicated that all genotypes except LM83 were affected 
but water stress at tillering (Table 3). Genotype LM66, LM79, LM35, LM43, LM57, LM98 
and LM47 produced an aboveground biomass of 1.03 t ha-1, 1.22 t ha-1, 2.26 t ha-1, 2.58 t ha-1, 
1.87 t ha-1, 1.62 t ha-1 and 2.07 t ha-1 correspondingly after water stress at tillering stage. 
Compared to when these genotypes are subjected to full irrigation the aboveground biomass 
was reduced by 68%, 77%, 48%, 45%, 60%, 45% and 67% when subjected to water stress at 
tillering (Table 3). The variability of aboveground biomass in these genotypes after water stress 
could be due to the level of water stress susceptibility of each growth stage in each genotype. 
This reaction is governed by the genetic makeup of each genotype. These results agree with 
part of the results by Gonfa et al. (2011) where water stress was found to have no effect on the 
aboveground biomass at flowering and grain filling stage. However, in this study, the tillering 
stage was found to be affected by water stress whereas these authors found that it was not 
affected. The results of the current study suggest that the tested genotypes are sensitive to water 











Table 3. Effect of water stress imposed at different growth stages on the above ground biomass 
of wheat. 
                                                                     Above ground biomass (t ha-1) 
          Tillering      Flowering       Grain filling 
Genotype  T1  T2  T1  T2  T1  T2 
LM35 2.26abc 4.36abcd 0.33a 0.51a 0.17a 0.28a 
LM66 1.03a 3.23abcd 0.24a 0.32a 0.23a 0.29a 
LM47 2.07abc 6.35d 0.23a 0.45a 0.20a 0.23a 
LM83 4.01abcd 4.12abcd 0.27a 0.36a 0.21a 0.26a 
LM79 1.22a 5.29cd 0.22a 0.31a 0.20a 0.31a 
LM57 1.87abc 4.70bcd 0.26a 0.34a 0.24a 0.29a 
LM43 2.58abc 4.72bcd 0.38a 0.49a 0.14a 0.33a 
LM98 1.62ab 2.92abcd 0.14a 0.18a 0.21a 0.32a 
p-value p < 0.05 p < 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 
LSD 1.89 1.89 0.25 0.25 0.22 0.22 
SE ± 0.65 0.65 0.09 0.09 0.07 0.07 
CV (%) 34.50 34.50 47.90 47.90 51.50 51.50 
Means in a column and treatment group followed by the same letter are not significantly different from each other using 
Tukey’s test at 5% probability level; T1, stress; T2, no stress (control); CV, Coefficient of Variation; LSD, Least Significant 
Difference; SE, standard error; P-value= Significance of interaction between treatment x genotype x growth stage. 
 
4.4.5 Grain yield 
 
The results of grain yield indicated that water stress imposed at flowering and grain filling stage 
did not (p > 0.05) cause a decline in the yield production of the studied genotypes (Table 4). 
However, these genotypes were susceptible (p < 0.05) to water stress imposed at tillering stage 
and their grain yield were reduced than the control (Table 4).  
 
High yielding genotypes are associated with high level of tolerance, hence, considered as better 
performers under water-limited conditions (Kilic and Yagbasanlar, 2010). In this study, the 
most susceptible genotypes to water stress at tillering stage were genotype LM47, LM79 and 
LM66 with 79%, 82% and 63% grain yield reduction correspondingly. The rest of the 
genotypes were slightly affected by water stress imposed at tillering stage with genotype LM83 
(3.57 t ha-1) obtaining the highest grain yield after water stress compared to other genotypes 
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(Table 4). These results contradict those of Mirzae et al. (2011) and Ciadir et al. (1999) who 
indicated that water stress at tillering, flowering and grain filling result in the reduction of grain 
yield. However, these results are supported by those of Barnard (2012) who indicated that water 
stress at tillering will lead to less number of tillers which will affect grain yield. The intrinsic 
paradox in assuming that more fertile tillers after water stress are associated with higher grain 
yield is also denoted in the results of other studies (Ahmad et al., 2003; Moayedi et al., 2010; 
Khan et al., 2011). As the yield performance of these genotypes can be linked with the 
production of fertile tillers after water stress at tillering stage (Table 4) (Fig. 2). The rest of the 
genotypes showed tolerance at the tillering stage and this is signified by the same letters after 
the means for both well-watered and water stressed conditions.  
 
Table 4. Grain yield of wheat genotypes after water stress was imposed at different growth 
stages 
                                                                     Grain Yield (t ha-1) 
          Tillering        Flowering       Grain filling 
Genotype  T1   T2  T1  T2  T1  T2 
LM35 1.83ab  2.59abc 1.17a 2.18a 0.81a 1.44a 
LM66 0.97a 1.54ab 0.77a 1.10a 0.96a 1.02a 
LM47 1.15a 5.45c 1.02a 3.10a 1.05a 1.31a 
LM83 3.57abc 5.41c 2.07a 2.29a 0.79a 1.07a 
LM79 0.97a 5.26c 0.92a 2.97a 0.79a 1.12a 
LM57 1.62ab 4.61bc 1.34a 2.01a 1.45a 1.93a 
LM43 1.58ab 4.82bc 2.21a 2.67a 1.76a 1.99a 
LM98 1.52ab 2.72abc 0.96a 0.87a 1.25a 1.59a 
p-value p < 0.05 p < 0.05 p > 0.05  p >  0.05 p > 0.05 p > 0.05 
LSD 1.82 1.82 1.47 1.47 1.43 1.43 
SE ± 0.63 0.63 0.51 0.51 0.49 0.49 
CV (%) 38.30 38.30 46.40 46.40 67.40 67.40 
Means in a column and treatment group followed by the same letter are not significantly different from each other using 
Turkey’s at 5% probability level; T1, stress; T2, no stress (control); CV, Coefficient of Variation; LSD, Least Significant 






4.4.6 Harvest index 
 
Results of this study revealed that there was no significant (p > 0.05) effect of water stress on 
the harvest index in all the genotypes at all growth stages (Table 5). These results suggest that 
water stress at tillering, flowering and grain filling did not affect the crop’s efficiency in 
converting assimilates to grain. The Tukey’s test also indicated a high level of water stress 
tolerance in these genotypes at all growth stages (Table 5). These results contradict those 
Sokoto and Singh (2013) who indicated that the harvest index is reduced when water stress is 
imposed at tillering, flowering and grain filling. However, they are justified by the conclusion 
made by these authors that the harvest index can only be reduced if the tested genotypes are 
very sensitive to water stress. The results suggest that the studied genotypes have genes that 
can tolerate prolonged water stress hence the stress imposed did not have a significant effect.  
 
Table 5. Effect of water stress imposed at different growth stages on the harvest index of wheat 
genotypes 
Means in a column and treatment group followed by the same letter are not significantly different from each other using 
Turkey’s at 5% probability level; T1, stress; T2, no stress (control); CV, Coefficient of Variation; LSD, Least Significant 
Difference; SE, standard error; P-value= Significance of interaction between treatment x genotype x growth stage.   
 
                                                                Harvest index (t ha-1) 
          Tillering        Flowering       Grain filling 
Genotype  T1  T2  T1  T2  T1  T2 
LM35 0.44a 1.16a 2.51a 6.46a 4.43a 5.22a 
LM66 0.48a 1.12a 3.36a 3.75a 3.33a 4.28a 
LM47 0.51a 0.85a 4.24a 6.81a 5.39a 6.38a 
LM83 0.86a 1.36a 6.47a 7.84a 3.22a 4.93a 
LM79 0.75a 1.01a 4.30a 13.87a 2.47a 5.30a 
LM57 0.81a 1.02a 5.22a 6.35a 6.46a 8.41a 
LM43 0.52a 1.02a 4.97a 15.03a 5.74a 13.87a 
LM98 1.06a 5.57a 5.25a 6.36a 7.68a 8.79a 
p-value p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 
LSD 3.66 3.66 9.17 9.17 8.86 8.86 
SE ± 1.27 1.27 3.17 3.17 3.07 3.07 
CV (%) 189.60 189.60 85.60 85.60 88.70 88.70 
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4.4.7 Correlation analysis of the measured traits  
 
The PC-1 and PC-2 axes assist in distinguishing the indices between the different traits at the 
different growth stages and treatment group. In this study, the axes revealed 98.95% total 
variability (Fig. 4). The relationship between these traits is shown by how the traits are grouped 
in the biplot diagram and the direction of the arrows (Fig.4). Positively correlated traits are 
grouped together on one side of the origin and their arrows are facing the same direction (Fig. 
4). While traits negatively correlated traits have their arrows facing the opposing direction 
(Fig.4). 
  
The correlation analysis of the biplot revealed that the grain yield for each genotype was 
determined by the spike length and the number of fertile tillers (Fig. 4). These results match 
those of Okuyama et al. (2005) who also found that the grain yield correlated with the spike 
length and the number of fertile tillers. The results of this study further showed that the grain 
yield was not correlated with the plant height, biomass and harvest index. The results for the 
negative relationship between plant height and grain yield could be due to that, currently, the 
International Maize and Wheat Improvement Center is developing genotypes with semi-
dwarfing genes. This means that the studied genotypes are capable of maximizing wheat yields 
despite the height. This also justifies the reason why plant height was not affected by water 
stress at tillering stage but the yield was reduced after water stress at this growth stage. The 
traits which are positively correlated with grain yield can be used as selection criteria in 












4.5 Conclusion   
 
The results of this study have shown that the studied wheat genotypes are tolerant to water 
stress, particularly, at flowering and grain filling stage with the few exceptions. These stages 
can, in turn, be used by irrigated wheat farmers to conserve water during the period of water 
stress and only irrigate at tillering, the most susceptible growth stage to water stress. From the 
studied genotypes, it was observed that only genotype LM83 is suitable for conserving water 
at the tillering stage, whereas LM47, LM79 and LM66 are very susceptible to water stress at 
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Wheat is one of an essential crops produced in South Africa (DAFF 2016). However, its 
production has been threatened by the severe drought conditions occurring in the country (Dube 
et al. 2016). Consequently, the drought crisis has also threatened the frequent use of irrigation 
which could have assisted in maintaining higher yields during the drought period (Dube et al. 
2016). Therefore, many irrigated wheat farmers in the country fail to maximize yields due to 
the unavailability of production guidelines or recommendations that could assist them to 
achieve the targeted yield without irrigating at water stress tolerant growth stages.  
 
Limited research has been conducted in the country regarding this issue (ARC-SGI 2014, 
2015). However, the International Maize and Wheat Improvement Center (CIMMYT) has 
developed new genotypes which are reported to withstand very hot and dry conditions and 
suitable for the country’s climatic conditions. As part of this initiative, this study identified 
water stress tolerant growth stages of wheat genotypes that will allow farmers to reach their 







5.2 Aim and objectives 
 
The overall aim of this study was to determine water stress tolerant growth stages of irrigated 
wheat genotypes hence investigate the possibility of improving wheat yields during the water 
shortage period in South Africa. The specific objectives of this study were: 
I. To select water stress tolerant irrigated wheat genotypes through evaluating the 
response of their physiological traits after water stress at tillering, flowering and grain 
filling. (chapter 3). 
II. To determine the growth stage at which limited water supply would have minimal effect 
on the growth, development and yield of eight newly developed wheat genotypes 
(chapter 4).  
 
5.3 Overview of research findings 
 
 The comprehensive review of literature gave a clear insight on the effects of water 
shortage on irrigated wheat at different growth stages. Moreover, it analyzed the traits 
that assist in determining the level of tolerance of irrigated wheat growth stages and 
methods of determination. This review discussed in-depth each method together with 
its success and shortcomings. Furthermore, the responses of wheat genotypes to the 
different water treatments were also reviewed and the mechanisms behind their 
response. The justification on the importance of genotype choice was also examined. It 
was therefore evident from the reviewed literature that significant success has been 
made in other parts of the world except for South Africa regarding such research and 
that more in-depth information about water conserving growth stages of irrigated wheat 
genotypes still needs to be done. The literature review of this study also served as a 
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guide on how to go about implementing such research in South Africa and the important 
traits that are considered when selecting water stress tolerant growth stages of irrigated 
wheat hence contributing to the success of this study. 
 For the first objective, there was a variation in the measured traits of the studied 
genotypes. However, the water use efficiency which was the index of the crop’s ability 
to retain water at water limited conditions indicated that most of the studied genotypes 
still performed better with a few exceptions when stressed at tillering and flowering and 
more had their water use efficiency reduced when water stress was imposed at grain 
filling (Wang et al. 2016). 
 The response of the water use efficiency in the studied genotypes was correlated with 
transpiration rate and stomatal conductance. 
 In the second objective, results obtained for grain yield were more linked to the number 
of fertile tillers affected by water stress in each growth stage. 
 The grain yield production after water stress at each growth stage was the primary 
concern (Wang et al., 2016).  
 Therefore, findings of the current study suggested that most of the studied genotypes  
can be subjected to water stress at grain filling and flowering but water stress at tillering 
stage results in a yield reduction. Genotype performance after water stress at tillering 
stage suggested that genotype LM83 is the most water stress tolerant genotype whereas, 







5.4 Recommendations  
 
 More in depth research still needs to be done in South Africa regarding water 
conserving growth stages of irrigated wheat genotypes. This will assist generate 
information that could save crop failure during the critical water period. 
 It is also recommended that trials be planted in different geographical regions to have 
specific recommendations for each region with regards to its climatic conditions and 
soil type and genotypes that strive in that area.  
 Future genotype evaluation of irrigated wheat performance in South Africa should also 
consider the crop’s physiological responses which can help justify the yield 
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